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ABSTRACT: Optical properties and fluorescence decay dynamics of a pho-
toactive indole based antibacterial chromophore system, 2,3-distyrylindole
(23DSI), were investigated using various spectroscopic characterization
techniques. Experimental studies were done by utilizing steady-state UV−vis
spectroscopy, steady-state fluorescence spectroscopy, time-resolved fluores-
cence upconversion spectroscopy, and time-correlated single-photon counting
spectroscopy. Our studies show that the 23DSI molecule has a multiphoton
absorption property as indicated by two- and three-photon absorption in the
both the solution and the solid phases. The ultrafast time-resolved fluo-
rescence upconversion studies show that this molecule undergoes a fast decay
process with an average time constant of 34 ps, a single exponential decay, and
an average fluorescence lifetime of 1 ns. The compound 23DSI did not show any signs of singlet oxygen production. The density
functional theory (DFT) calculations showed that the 23DSI molecule has conjugated electron densities that are responsible for
multiphoton absorption. The chlorine-substituted styryl groups, attached to the central indole ring facilitate the excellent electron
delocalization within the molecule. This optimal electron delocalization, combined with the good electron conjugation in the
23DSI molecule is important for efficient multiphoton absorption and is in excellent agreement with experimental observations.
Both the optical spectrum and emission spectrum using DFT calculations are also surprisingly well matched with the
experimentally measured UV−vis spectrum and the emission spectrum, respectively. Combined experimental and theoretical
studies suggest that excited electrons initially relax to the singlet state (S1) by internal conversion (IC) and subsequently relax
back to their ground state by emitting absorbed energy as fluorescence emission. The outstanding multiphoton absorption
capabilities of this 23DSI molecule support its potential application in both biological imaging and photodynamic inacti-
vation (PDI).

■ INTRODUCTION

Heterocyclic compounds and their chemistry have drawn great
interest among synthetic chemists.1−5 Different libraries of com-
pounds can be synthesized using the same heterocyclic scaf-
fold.2,3 Novel classes of compounds, having absolutely novel bio-
logical, chemical, and physical properties, can be designed and
synthesized using these fused heterocyclic compounds by placing
them in different combinations.3−6 Heterocyclic compounds hav-
ing a fused aromatic ring containing a pyrrole are known as
“indoles”.5 This class of heterocycles is very interesting as it has
applications in the fields of biology, medicine,7−14 and organic
photovoltaics15,16 and as fluorescent dyes.17 Indole derivatives
are well-known for antiviral activity and current clinical studies
are evaluating these types of compounds.14 Although indole-based
heterocyclic compounds have promising applications in photo-
dynamic inactivation, the photochemistry of indole-derived com-
pounds is not fully understood and needs to be properly inves-
tigated. It is crucial to characterize these molecules to understand
their photophysical properties, dynamics, and kinetics before
using them in above-mentioned applications.

In this article we report the spectroscopic and the theoretical
investigation of 23DSI which is shown in Figure 1. Our spectro-
scopic findings are further supported by our theoretical calculations.
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Figure 1. 2,3-Distyrylindole molecule.
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The detailed synthetic procedure of this molecule can be found
in a previous publication.7 A detailed account of the photo-
activated antibacterial activities of this compound will be pub-
lished in a separate paper. For our current study, we explored the
complete photophysical dynamics of this molecule in detail, by
utilizing common spectroscopic techniques such as steady-state
UV−vis spectroscopy, steady-state fluorescence spectroscopy,
ultrafast time-resolved fluorescence upconversion spectroscopy,
and time-correlated single-photon counting (TCSPC) spectros-
copy. These studies are necessary to get a complete insight into
the photophysical dynamics of this molecule. Our experiments
established that this molecule displays excellent multiphoton
absorption properties that are valuable in fluorescence micros-
copy,18 3-D optical storage,19 optical power limiting,20−22 photo-
dynamic therapy (PDT),23,24 and photodynamic inactivation
(PDI).25−27 Among all these applications, we are currently
interested in exploring the potential of this molecule to be used in
PDI. In PDI, the photosensitizer absorbs light and generates reac-
tive oxygen species (ROS) by initiating phototoxic reactions.26

During these reactions either the charge (type I) or the energy
(type II) is transferred to a substrate or to the molecular oxygen
to generate ROS.28 In PDT, the ground-state (S0) photosen-
sitizer populates the short-lived singlet excited state (S1) by
absorbing light of an appropriate wavelength. The photosen-
sitizer can return to the S0 by emitting the absorbed light as fluores-
cence or undergo nonradiative internal conversion. However, the
populated S1 state can populate the long-lived triplet excited state
(T1) via the intersystem crossing (ISC).24,29−31 The photo-
dynamic reactions arise at the photosensitizer’s T1 state where
chemicaly reactive species can further be generated. As reported
in the literature, this occurs via two distinct processes. The first pro-
cess (type I) involves an electron or hydrogen tranfer between the
T1 photosensitizer and the other molecules, whereas the second
(type II) produces a highly reactive singlet oxygen via exchange
of the electron spin of T1 state photosensitizer and the triplet-
state oxygen molecule.24,29−31 We initially believed that the
underlying PDI mechanism of this indole derivative belongs to
the second type in which the generation of singlet oxygen is
dominant. In spite of the potent PDI-like signature of our bio-
logical assay outcomes, our thorough spectroscopic experiments
for singlet oxygen production of this photosensitizer ultimately
did not detect any singlet oxygen emission. In this research
article, we are therefore focusing on the spectroscopic and theo-
ritical characterization of this fascinating indole derivative 23DSI.

■ EXPERIMENTAL SECTION
Spectroscopic Studies. The spectroscopic studies were

carried out with a 1 mM solution of 23DSI in dimethyl sulfoxide
(DMSO) for the solution phase studies and 1 mg of compound
was used for the solid phase analysis. For solid phase analysis,
a thin film of the sample was prepared using a polymer matrix.
The detailed procedure for the thin film preparation is as follows:
5.0 g of poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate)
polymer was dissolved by stirring the polymer sample in 15.0mLof
dichloromethane in a beaker inside a glovebox. When the mixture
became homogeneous, 1 mg of solid 23DSI was added and
stirred further until it dissolved completely. The polymer/sample
mixture was poured into a watch glass with a diameter of 75 mm.
The watch glass diameter is important because it produces a thin
filmwith 3mm thickness. The mixture was allowed to dry under a
N2 atmosphere overnight, and the thin film was separated from
glass by adding water. The absorption spectra were taken using
the Carry 60 UV−vis spectrophotometer, and the fluorescence

measurements were taken using the SHIMADZU RF-5301PC
spectrofluorometer. The time-resolved fluorescence upconver-
sion studies for the 23DSI molecule were performed utilizing the
NEWPORT time-resolved fluorescence spectrometer (TRFLS).
The detailed description of the TRFLS can be found in another
research paper we published.32 Briefly, the TRFLS is a hybrid instru-
ment capable of masuring fluorescence upconversion and time-
correlated single-photon counting (TCSPC). The fundamental
output beam from the oscillator (Spectra Physics Mai Tai HP) is
split into two. One portion is sent to generate a second or third
harmonic used as our excitation beam (Spectra Physics/GWU UHG),
and the residual served as the gate for upconversion. The gate
beam is passed to a computer-controlled translation stage (New-
port ILS250CC) while it makes four passes up and down the
stage that result in a maximum delay time of 3.3 ns. The gate
beam is focused by an antireflection coated lens (New-port AR.16)
onto the upconversion crystal (BBO, type I). The fluorescence
beam enters the TRFLS enclosure separately and is focused onto
the sample. The fluorescence and the gate beams cross at a small
angle in the upconversion crystal. The resulting upconverted
beam is filtered and focused onto a computer-controlled mono-
chromator. The upconverted light is detected and resolved as a
particular wavelength by a PMT. The single photons are counted
by a time-correlated single-photon counting board (Becker &
Hackle) and displayed in the TRFLS software or recorded in a
file during data acquisition. The time-resolved fluorescence upcon-
version experiments were carried out as follows: 1.0 mL of 1 mM
23DSI solution was placed into a rotating cell (50 rpm). The gate
beam was set to 800 nm and a 400 nm excitation beam was gen-
erated using SHG. All samples were excited at an excitation
power of 35 mW. The upconverted signal was generated by
mixing the fluorescence and the fundamental frequencies in the
nonlinear crystal.
For all samples, upconversion spectra were generated for par-

allel polarizations of excitation by doing at least five scans for the
first 50 ps. All the scans for a given wavelength were added, aver-
aged, and normalized. The decay fit was done by deconvoluting
the decay with the instrumental response function (IRF) and fit-
ting into the first order decay equation, shown in the eq 1. The A1
is the amplitude associated with decay and τ1 is the time constant.

τ
= − +

⎛
⎝⎜

⎞
⎠⎟y A

x
yexp1

1
0

(1)

The fluorescence lifetime (τFL) of the 23DSI sample was mea-
sured using Horiba Fluorolog TCSPC instrumentation. The sam-
ple was excited using a 360 nm nano LED diode and emitted
fluorescence was collected at 512 nm. The lifetime was calculated
by fitting into a single exponential decay function mentioned
above in the eq 1.

Computational Studies. The theoretical investigation was
performed to study the optical properties of this distyrylindole
molecule utilizing the Gaussian 09 computational package33−35

and the Vienna Ab initio Simulation Package (VASP).36−38

Gauss View 05 molecular building package was used to build the
molecule. The ground-state geometry optimization using
Gaussian 09 was done using the post Hartree−Fock ab initio
method, Møller−Plesset perturbation theory (MP2) with the
6-31G(d,p) diffused basis set. The calculations were performed
in the solvent phase using DMSO as a solvent. For solvent phase
calculations in Gaussian 09, the polarizable continuum model
(PCM) with self-consistent reaction field (SCRF) method was
employed.39 The optimized 23DSImolecule is shown in Figure S1
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and the generated frontier molecular orbitals for the HOMO and
LUMO for ground-state optimized geometry is shown in Figure S2
in the Supporting Information. Further, the excited-state geom-
etry optimization was performed using the configuration inter-
action singles (CIS) method and the emission was calculated by
using the energy difference of vertical excitation. This is shown in
the eq 2.

Δ = −E E R E R( ) ( )emission GS ES (2)

In eq 2, E(R)GS is the energy of ground-state optimized geom-
etry, E(R)ES is the energy of the excited-state optimized geom-
etry, andΔEemission is the calculated emission energy from vertical
excitation of this 23DSImolecule. The VASP calculations were per-
formed to study the optical properties of this molecule. The energy
cutoff of 400 eV was used. The periodic boundary conditions
(PBC) were applied by creating a 20 Å ×x 20.1 Å × 19.9 Å
supercell. We selected these dimensions to approximately match
the experimental concentrations of the molecule. The Perdew−
Burk−Ernzerhof (PBE) form of the generalized gradient approx-
imation (GGA) was used to describe the exchange and the corre-
lation interactions.40 The van derWaals interactions were accounted
for by Grimme (DFT-D2) functionals.41,42 The optical spectrum
was calculated using the relaxed geometry of this molecule by
using the hybrid Heyd−Scuseria−Ernzerhof (HSE06) func-
tionals.43−45

■ RESULTS AND DISCUSSION
The steady-state absorption and emission spectra of 23DSI in the
solution phase and in the solid phase are shown in Figure 2.
Both absorption spectra show three distinct absorption bands.
The solution phase study shows the absorption maxima at 235,
335, and 400 nm whereas the solid phase study shows 260, 335,
and 400 nm. The shift of the 235 nm peak to 260 nm in the solid

phase may be due to the matrix effects and the scattering in the
thin film. These three absorption bands may be due to the excel-
lent π-conjugation of this molecule, which provides three distinct
excited states. Excitations at each and all of these absorption
wavelengths yielded the same fluorescence emission at around
512 nm for distyrylindole in the solution phase (DMSO) and in
the solid phase (thin film).
According to the absorption spectra in Figure 2, the distyrylindole

molecule can direct excitation in three possible excitation wave-
lengths, 235, 335, and 400 nm. Excitation of those excitation wave-
lengths, as well as the second- and the third-order wavelengths of
the direct excitation wavelengths, surprisingly showed two- and
three-photon absorptions in both the solution and the solid phase
studies. We believe that the strong multiphoton absorption of this
molecule emerges from the optimal electron donor−acceptor abil-
ity of this molecule enabled by the increased π-molecular orbital
overlap of the chlorine-substituted styryl group in the indole ring.
The two-photon absorption spectra for the sample in the solid
phase and in the solution phase are shown in Figures 3 and 4,
respectively. Further, the three-photon absorption spectra for the
solid phase and the solution phase are shown in Figures 5 and 6,
respectively.
According to Figures 3−6, this new indole derivative 23DSI

shows excellent multiphoton absorption property for two- and
three-photon absorptions. This information is further supported by
our theoretical calculations. These calculations, shown in Figure S2
in the Supporting Information, demonstrate that the electron den-
sities are centered not only on the indole group in the HOMO
level but also around the two double bonds in the distyryl part of
the molecule at the LUMO level. To gain further insight into the
electronic effects, we computed Mulliken charges of individual
atoms of both the ground state and excited state of the distyrylindole
molecule. We also calculated the quantitative charge difference of

Figure 2.Absorption and emission spectra of the 23DSI molecule. The left figure shows the absorption spectra of the 23DSI molecule in the solid phase,
as a thin film (black graph) and the solution phase, in DMSO (red graph). On the right, (a) shows the emission of 23DSI in DMSO for the three distinct
excitations and (b) shows the emission of 23DSI in a thin film for the three distinct excitations.
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the ground state and excited state.46 The results are summarized
in Table S1 in the Supporting Information. The charge difference
results (Table S1) clearly indicate that the indole group loses a
total 0.0337 charge to the distyryl group (which gains a similar
amount of charge), a clear indication of charge transfer from the
indole group to the distyryl group during the excitation process.
The above information implies that electrons can easily transfer
from the indole group to the styryl group. The chlorine-substituted
distyryl group further provides greater electron delocalization via
an increase in π-orbital overlap between rings and thereby enables
the excellent π-conjugation within the molecule. The theoretical
results indicate the presence of a polarizable π-conjugated system
which is responsible for the multiphoton absorption of this
23DSI indole derivative. Moreover, this distyrylindole molecule

can be excited in the NIR region and still yield fluorescence
around 512 nm. These types of light upconverting compounds
are ideal for PDT and biological imaging.47−50 Molecules having
NIR absorption are particularly useful for PDT and imaging
studies because NIR penetrates well through human cells and
tissues while causing a little damage or photobleaching.47,49,51−53

Because 23DSI absorbs NIR light and exhibits the multiphoton
absorption property, this uniquemolecule offers rich applications
for biological imaging and photodynamic inactivation.
This promise led us to investigate the potential applications of

23DSI for PDI, and our extensive biological outcomes will be
reported in a separate article. As mentioned before, we were partic-
ularly interested in defining the nature of the photosensitizer activ-
ity of this molecule toward singlet oxygen production. Thus, an

Figure 4.Two-photon absorption of 23DSI in the solution phase (DMSO). The black graphs show the direct excitation wavelengths 235, 300, 335, 360,
and 400 nm, respectively. The red graphs show the two-photon absorption of 23DSI at the wavelengths 470, 600, 670, 720, and 800 nm, respectively.

Figure 3. Two-photon absorption of 23DSI in the solid phase (thin film). The black graphs show the direct excitation wavelengths 235, 300, 335, 360,
and 400 nm, respectively. The red graphs show the two-photon absorption of 23DSI at the wavelengths 470, 600, 670, 720, and 800 nm, respectively.
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experiment was carried out and showed a slight decrease of FL
intensity in the prescence of oxygen. For this experimentwe selected
four solvents in which 23DSI shows good solubility. The selected
solvents were DMSO, ethanol, dichloromethane (DCM), and
toluene. Solvents were selected on the basis of the polarity of the
solvents as well as their capability of dissolving/absorbing oxy-
gen. Both nitrogen- and oxygen-saturated samples were employed,
and FL emission was measured by exciting the samples at 400 nm.
The FL emissions of four solvents in the prescence of nitrogen
and oxygen are shown in Figure S3 in the Supporting Infor-
mation. Figure S3 clearly shows that the FL intensity of 23DSI
decreases in the oxygen-saturated environment as compared to the
case in the nitrogen-saturated environment. Though the observed
change is very small, such a change can indeed be due to energy
transfer to molecular oxygen and production of singlet oxygen.
Thus, to confirm our hypothesis of singlet oxygen production, a sin-
glet oxygen emission experiment was carried out using the con-
trol singlet oxygen producers rose bengal and tris(2,2′-bipyridine)-
ruthenium(II) hexafluorophosphate, [Ru(bpy)3][PF6]2. The
23DSI did not show any singlet oxygen-characteristic emission
at all. We believe that the short fluorescence lifetime, strong
fluorescence emission, and the strong multiphoton absorption
may prevent or even interfere with the detection of the singlet
oxygen emission of this molecule. Alternatively for all its photo-
sensitizing activities, 23DSI may simply not generate any singlet

oxygen. An additional comprehensive discussion regarding this sin-
glet oxygen emission study will be reported in a separate article.
Further, the ultrafast time-resolved fluorescence upconversion

spectroscopy was performed to study the photophysical dynam-
ics and any energy transfer processes of this compound. For that,
50 μM solution of the sample in the above selected solvents were
used. The obtained fluorescence decay graphs are shown inFigure 7,
and the calculated decay parameters are listed in Table 1.
As shown in Figure 7, distyrylindole shows a single exponential
decay that can be fitted into a single exponential decay function
after deconvultion with the instrumental response function (IRF).
This suggests that the emission from the excited singlet (S1) state
to the ground state (S0) follows a first order decay. The TRFL
studies did not imply the precence of any energy transfer pro-
cesses and also showed a single exponential decay. Further, these
results support the notion that no energy transfer processes are
occurring and that 23DSI does not possess any singlet oxygen-
producing photosensitizing activity. Given these observations,
and the observations from those multiphoton absorption studies,
we believe that all these higher excitations relax to S1 state and
then further relax to S0 by emitting green light as fluorescence
with emission maxima of 512 nm.
As shown in Table 1, 23DSI shows a very fast decay with an

average time constant of ∼34 ps. 23DSI in DMSO shows the
lowest time constant, and 23DSI in toluene shows the highest

Figure 6.Three-photon absorption of 23DSI in the solution phase (DMSO). The black graphs show the direct excitationwavelengths 235, 300, and 230 nm,
respectively. The red graphs show the three-photon absorption of 23DSI at wavelengths 705, 900, and 690 nm, respectively.

Figure 5. Three-photon absorption of 23DSI in the solid phase (thin film). The black graphs show the direct excitation wavelengths 235, 300, and 230 nm,
respectively. The red graphs show the three-photon absorption of 23DSI at wavelengths 705, 900, and 690 nm, respectively.
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reliable time. As we can see in the Figure 7, this may be due to the
high scattering and the high noise level in the fluorescence deacy
graph when ethanol is the solvent. Nonetheless, all solvents show
time constants in the range 30−40 ps. The fluorescence lifetime
was further calculated using the TCSPC spectroscopy using
excitation at 360 nm and detection of the emitted photon at the
512 nm. These calculated lifetimes are presented in Table 2.

As reported in Table 2, distyrylindole shows ∼1 ns lifetime,
demonstrating a fast decay from S1 to S0. Therefore, lifetime data
also support our conclusion that 23DSI is not an effective photo-
sensitizer in terms of singlet oxygen production.
We also calculated the optical spectrum using hybrid func-

tionals. The calculated optical spectrum is identical to that of the

experimentally observed UV−vis spectrum shown in Figure 8.
Both theoretical and experimental results (Figure 8) confirm the
three possible exitations of 23DSI at 235, 335, and 400 nm. These
three possible excitations further confirm the experimentally
observedmultiphoton absorption of the 23DSImolecule, as shown
in Figures 3−6. We also calculated the energy difference between
the ground-state singlet geometry and the excited-state singlet
geometry to estimate the vertical excitation energy. The energy
difference was found to be 242.35 kJ mol−1. This vertical exci-
tation energy of 242.35 kJmol−1 is equvalent to the emission wave-
length of 493.93 nm and agrees with the experimental maximum
emission wavelength of 512 nm. As shown in Figure 2, it is impor-
tant to note that we observed the same emission for all three dif-
ferent excitations. This may be due to the depopulation of elec-
trons from the higher excited states to the singlet excited state in
the first step via internal conversion and then final relaxation back
to the ground state from the excited singlet state by emission of
fluorescence at 512 nm. According to our excited-state calcu-
lations, the energy of the first excited singlet state (S1) of the
23DSI molecule is 287.91 kJ mol−1, whereas the calculated
energy for first excited triplet state (T1) is 232.45 kJ mol−1.
According to these calculations, the depopulation of the S1 state
of 23DSI to the ground state by fluorescence emission may be
the process that is prominent over that of the population of
the T1 state via intersystem crossing (ISC). The energy differ-
ence between the T1 state of distyrylindole and the S1 state of
singlet oxygen (∼95 kJ mol−1) is ∼137 kJ mol−1.30 Although the
energy barrier may favor the transfer energy from the T1 state of
distyrylindole to the S1 state of molecular oxygen to produce
reactive singlet oxygen species, the very fast decay of the S1 state
of the 23DSI molecule is not favorable to populate the T1 state of
23DSI. This low ISC quantum efficiency of 23DSI may lead to
the observed lack of singlet oxygen production upon photo-
activation of 23DSI.

Table 2. Calculated Fluorescence Lifetime Data Exciting the
Sample at 360 nma

solvent average lifetime/ns % error

DMSO 1.136 2.2
ethanol 0.796 3.38
DCM 0.857 1.73
toluene 1.098 0.30

aThe average fluorescence lifetime was calculated using three trials.

Figure 7. Fluorescence-decay graphs generated from the time-resolved fluorescence upconversion studies for different solvents. All samples were excited
at 400 nm, and the emitted fluorescence was detected at 512 nm.

Table 1. Calculated Decay Parameter for 23DSI in Different
Solvents Using Ultrafast, Time-Resolved Fluorescence
Upconversion Spectroscopy

solvent τ1/ps % error A % error

DCM 34.86 1.64 0.80 0.78

DMSO 28.09 3.42 0.42 1.37

ethanol 38.79 9.83 0.37 4.95

toluene 35.68 3.88 0.72 1.91
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■ CONCLUSION

We have successfully characterized 2,3-distyrylindole by various
spectroscopic techniques as well as theoretical calculations.
The steady-state spectroscopic studies have demonstrated that the
distyrylindole molecule has a multiphoton absorbing property
that displays the two- and the three-photon absorption capacity
in the solid and in the liquid phases. TRFL upconversion spec-
troscopic studies show that this molecule possesses fast decay
dynamics and a short single exponential decay lifetime. TheTCSPC
spectroscopic studies show that this molecule has an average
lifetime of 1 ns. Experimental studies show a slight decrease of PL
intensities when exposed to the oxygen environment. However,
our singlet oxygen emission experiments clearly show that singlet
oygen is not produced upon photoexcitation of this molecule.
Moreover, TRFL studies confirm an absence of the energy trans-
fer process that would result in a decrease in the intensity in an
oxygen-saturated environment. The DFT calculations show that
multiphoton absorption of thismolecule is possible due to the delo-
calized electron densities and overlap of π-molecular orbitals.
The excited-state calculations using CIS show the possibility of
excitation of this molecule for several singlet and triplet excited
states. Both theoretical and experimental optical spectra clearly indi-
cate that emission occurs near 512 nm. The excited-state energy
calculations suggest that the depopulation of the S1 state via fluo-
rescence emission is more efficient than the population of the
T1 state of the molecule via ISC. Because of that, there is a very
low probability of energy transfer processes from the T1 state of
the photosensitizer to the S1 state of molecular oxygen. Hence
there is no effective production of singlet oxygen species as
confirmed by our singlet oxygen emission experiments. None-
theless, for the multiphoton absorption at the NIR range, this
molecule has a great potential to be used in biological imaging
and PDI applications.
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